Atomistic simulation techniques have been used to study the thermal properties of perovskite-type LnGaO 3 (Ln = La-Gd). A set of interatomic potentials describing interatomic interactions in these compounds was developed and tested over a wide temperature range through utilizing free energy minimization. The predicted dielectric constants, thermal expansion coefficients, phonon density of states and its projections, heat capacity and entropy, elastic moduli, Grüneisen parameters, surface energies for main crystallographic directions and Debye temperatures are in good agreement with the limited available experimental data. Perovskite-type LnGaO 3 (Ln = La-Gd) compounds have been examined under conditions to which substrate materials are typically subjected. Only a narrow region in the phase diagram of LnGaO 3 (Ln = LaGd) and their solid solutions is recommended for use in substrate applications.
Introduction
Rare-earth perovskite-type orthogallates LnGaO 3 (Ln = La-Gd) show a wide range of unique physical properties. Well known applications for substrate materials are for hightemperature superconductive (HTSC), colossal magnetoresistive (CMR) and GaN films [1] [2] [3] . Furthermore, LaGaO 3 doped with Sr and Mg, [4] as well as NdGaO 3 [5] and PrGaO 3 doped with Ca and Mg [6, 7] , are promising materials for solid oxide fuel cells.
The determination of the thermal behaviour of the structure of LnGaO 3 compounds for non-ambient conditions began with low-temperature (LT) studies of LaGaO 3 , PrGaO 3 and NdGaO 3 at 12 K by neutron powder diffraction [8] [9] [10] [11] [12] . Recently, information about the thermal behaviour of these compounds was supplemented by structural investigations using high-resolution powder diffraction obtained using synchrotron radiation, in the temperature range 12 K-RT (room temperature) [13] . The high-temperature (HT) structure evolution of LaGaO 3 has been investigated intensively [10, [14] [15] [16] mainly because of the existence of a structural phase transition. The HT structures of neodymium and praseodymium orthogallates studied using synchrotron powder diffraction were reported earlier in [17, 18] . Anisotropy of NdGaO 3 thermal expansion was studied in [19] by x-ray powder diffraction and its relationship to the crack formation in YBa 2 Cu 3 O 7−δ has been determined and discussed. The crystal structure of CeGaO 3 was described either as tetragonal [20, 21] (space group P4/mmm) or orthorhombic [22] (space group Pbnm). Examinations of its structure using high-resolution powder diffraction with a high signal-to-noise ratio revealed that CeGaO 3 possesses an orthorhombically distorted GdFeO 3 -type structure over the whole temperature range investigated (12-1170 K) [23] [24] [25] .
In the literature, there are no thermal structure data available for LnGaO 3 with Ln heavier than Nd. The main reason is that LnGaO 3 with Ln 3+ ionic radii smaller than the Nd radius (Ln = Sm-Lu) can be hardly obtained by solid-phase synthesis methods at ambient pressure, because the corresponding garnet (Ln 3 Ga 5 O 12 ) and Ln 4 Ga 2 O 9 phases are formed preferentially. In [26] , the synthesis by arc melting of a product with 57 wt% of SmGaO 3 perovskite phase (GdFeO 3 -type structure) at RT has been reported (but also, the presence of 27 wt% of garnet Sm 3 Ga 5 O 12 and 16 wt% of a Sm 4 Ga 2 O 9 phase were detected). Following [27] , in the Nd 1−x Sm x GaO 3 solid solutions the pure perovskite phase is limited to 75-90 mol% of Sm, whereas in the pseudobinary systems LaGaO 3 -SmGaO 3 [28, 29] and LaGaO 3 -GdGaO 3 [30] the pure perovskite phases are limited by ∼70 and ∼50 mol% of Sm and Gd, respectively.
The main reason for the preferred formation of Ln 3 Ga 5 O 12 and Ln 4 Ga 2 O 9 could be the decrease of the Ln ionic radii with increasing atomic number and, therefore, octahedral site occupation by Ln ions [31] . Thus, inter-lanthanide perovskites are known from the literature (LaDyO 3 , LaYO 3 , LaHoO 3 , LaErO 3 ) [32, 33] , where Ln ions with the larger ionic radii (La, Ce, Pr) occupy the cuboctahedral sites, whereas Ln ions with smaller ionic radii have octahedral coordination. Levy et al [34] reported a decrease of the antisite reaction energy for LnGaO 3 when Ln ionic radii decreases.
Two methods for obtaining pure perovskite-type LnGaO 3 (Ln = Sm-Lu) compounds have been developed:
• decomposition of the corresponding garnet phases at high temperatures and pressures (4.5 GPa, 1300 K) over a NaOH melt; [35] • overheating of 0.5Ln 2 O 3 -0.5Ga 2 O 3 (Ln = Sm-Er) melts [36] .
In particular, Marezio et al [35] ascribed the GdFeO 3 structure type and determined corresponding lattice parameters for all LnGaO 3 at RT, except PmGaO 3 , for which structural properties are unknown so far. Nevertheless, for the perovskite-type orthogallates LnGaO 3 with Ln heavier than Sm the structure has only been determined in detail for GdGaO 3 and at RT [37] . Established methods have been found unsuccessful in obtaining sufficiently large single crystals of high quality.
The purpose of this study is to develop a computational model that could be used in order to predict structural and other physical properties of orthorhombic perovskite-type rareearth gallates, including PmGaO 3 , as well as to determine the region of the structural stability of LnGaO 3 perovskites. Moreover, following reference [38] , materials with the GdFeO 3 -type structure are the most common ones in the wide family of perovskites. Therefore, an improved knowledge of the structure-property relationship is an objective of general interest for this class of structures, particularly with respect to the major utilization of these materials as substrates in devices operated between liquid nitrogen temperature and RT. In order to determine the temperature-dependent physical behaviour in this regime, quasiharmonic lattice dynamics simulations, based on the free energy minimization technique, have been applied.
Methodology
The atomistic simulation method is based on the Born model of solids where interatomic potential functions are defined to simulate the long-range attractive and short-range repulsive forces acting between the constituent ions of a solid.
Long-range forces are described by Coulomb's law and typically dominate the lattice energy, while the analytic form of the potential used to describe short range interactions depends on the character of the bonding in the material of interest.
In the literature, there are several sets of potential parameters that contain the necessary interatomic interactions to describe the present family of compounds [39] [40] [41] [42] [43] [44] [45] . Many of these models were developed through the fitting of multiple oxides to enhance their transferability. While this practice is often reasonably successful for simpler materials, it will compromise the accuracy of the description of a specific family of more complex materials. When phases are being studied with phase transitions to lower symmetries [46] , as for the case of orthorhombic LnGaO 3 perovskites, the results are especially sensitive to the model parameters, and in particular the oxide ion polarizability.
Special note should be given to the set of potential parameters derived in [34] describing Ln-O (Ln = La-Lu, Sc, Y) and Me-O (Me = Al, Cr, Ga, Fe, Sc, In) interactions in rareearth metal oxides with perovskite and bixbyite structures. Studying the tolerance of these materials to radiation damage, the authors considered lattice energies and processes driven by the Schottky, oxygen Frenkel, and antisite defect reaction mechanisms as well as their relationship to cation sizes.
Most of the above-cited potential models were fitted using athermal calculations (i.e. the effect of temperature is implicitly included in the fitted parameters). In the present study, temperature is explicitly included, and, hence, it was necessary to refine the existing potentials [18, 47] and derive new parameters for modelling perovskite-type LnGaO 3 .
Structure data construction
From the literature the atomic positions within the unit cell at RT are known for LaGaO 3 , CeGaO 3 , PrGaO 3 , NdGaO 3 , SmGaO 3 and for GdGaO 3 . Previously, Marezio et al [35] reported only lattice parameters for all LnGaO 3 at RT, except PmGaO 3 . Nevertheless, not only are the lattice parameters necessary for the construction of the interaction model, but the atomic positions within the cell also. In order to obtain information about atomic positions in the cell at RT for PmGaO 3 and EuGaO 3 , we decided to apply an interpolation procedure to the existing structural data of LnGaO 3 and their set of their solid solutions at RT [26] [27] [28] [29] [30] [48] [49] [50] [51] [52] . The LnGaO 3 perovskites show an increase of deformation of the perovskite cell with respect to the ideal perovskite as the Ln atomic number increases, as is indicated by the Goldschmidt tolerance factor t
This well known geometrical relationship is unity for a deformation of the perovskite structure if the lattice is treated as an array of close-packed spheres, where r Ln , r Ga and r O are the ionic radii of Ln, Ga and O, respectively. Taking into account the conformity of Ln properties, at least in Ce or Gd subgroups of rare-earth elements, the different properties could be analysed from the degree of the perovskite cell deformation. Shannon [53] has tabulated ionic radii for chemical elements in a variety of coordination environments and oxidation states, and these have been found to be applicable in the case of perovskite-type LnGaO 3 . In the ideal situation, equation (1) requires radii in a 12-fold coordination environment, but unfortunately 'cuboctahedral' radii are not available for the whole set of Ln 3+ ions. Lufaso et al [38] have used an extrapolation procedure to estimate the missing values. Nevertheless, qualitatively similar behaviour has been observed for the Goldschmidt tolerance factor dependences calculated using rare-earth ionic radii in cuboctahedral and nine-fold coordination environments. Therefore, instead of using the Goldschmidt tolerance factor for analysing the properties of LnGaO 3 as a function of the perovskite cell deformation, we decided to use the Ln 3+ ionic radii in the nine-fold coordination environment tabulated by Shannon for all rare-earth elements.
Estimated structure parameters of PmGaO 3 and EuGaO 3 , along with experimental data for La, Ce, Pr, Nd, Sm and Gd orthogallates, are summarized in table 1 as structural input data for further calculations (vide infra). Modelling of LnGaO 3 with Ln heavier than Gd requires more accurate information about the structural and other properties of these compounds. Consequently, simulations were only performed up to GdGaO 3 .
Potential derivation
Similarly to references [18, 47] , in the present work we used only pair potentials. Simulations were carried out in an ionic approximation and the Buckingham form of potential has been chosen according to
where the individual terms describe the Coulomb potential, the Born-Mayer repulsion and the dispersion interactions, respectively. Here r is the interatomic distance between atoms i and j , Z i is the effective charge of the i th atom, the A i j , R i j and C i j are the short-range potential parameters for each pair of atoms, usually determined based on a fit to experimental data. For oxygen-oxygen interactions we used parameters of the interaction potential and of the shell model reported by Lewis et al [41] We neglect the short-range contribution to the cation-cation interactions since the cations tend to be contracted, leading to negligible overlap of electron density, and of low polarizability, leading to only a small contribution of van der Waals attraction. Similarly, we neglected the dispersion term for the cation-anion interactions, again due to the relative small polarizability of the cations. The errors associated with these approximations will be subsumed into the fitted values of the remaining parameters. Assuming the potentials to be transferrable, we considered the oxygen-oxygen and gallium-oxygen interatomic potentials as common for all considered LnGaO 3 compounds. Consequently, only the rare-earth-oxygen and a single common gallium-oxygen interaction need to be determined.
An appropriate potential to describe the Ga-O interactions was derived from the following experimental data:
• NdGaO 3 structure at 100 K, measured using high-resolution single-crystal diffraction of synchrotron radiation [54] ; • full elastic constant tensor measured by an ultrasonic method at 77 K [55];
• average static dielectric constant at 100 K [56] .
As a first approximation, we used the results for fitting interactions in NdGaO 3 and Nd 0.75 Sm 0.25 GaO 3 [18, 47] . For derivation of the Ln-O interactions, we used the experimentally determined and estimated structures of LnGaO 3 (Ln = La-Gd) at RT (table 1) . As a starting point for refinement, the parameters obtained from fitting to the structures of the respective simple oxides Ln 2 O 3 were taken from the ICSD database [57] .
Structural data for every LnGaO 3 (Ln = La-Gd) phase were fitted separately using the 'relax' fitting technique and free energy minimization [58] within the GULP (General Utility Lattice Program) code [59, 60] . The study is performed using the zero static internal stress approximation, in which the internal variables are optimized with respect to the internal energy, whilst only the strain variables are optimized with respect to the free energy. Potential cut-off radii were assumed to be a 12 Å for all interactions. For the Brillouin zone integration of the phonon density of states, the scheme of Monkhorst and Pack [61] with an 8 × 8 × 8 grid of points in reciprocal space was used. The best agreement between experimentally determined and calculated properties was obtained with the interaction parameters summarized in table 2. The deviations between calculated and input lattice parameters, as well as cell volumes, were smaller than 1% for all LnGaO 3 considered, which is reasonable for such force field simulations.
Parameters of the Born-Mayer repulsion A i j and R i j (equation (2)) for different rareearth-oxygen interactions are shown in figure 1. Obtained results illustrate convincingly the so-called 'lanthanide stiffness' effect, where the atomic radii of the rare-earth elements decrease with increasing numbers of electrons (similar to the behaviour of the R i j and A i j parameters of the Born-Mayer type of repulsion).
Results and discussion
In [62] O'Bryan et al proposed several criteria for substrate materials in HTSC electronic applications, in addition to the standard condition of a minimum in the mismatch between the cell parameters of deposited film and substrate. In this section, the satisfaction of the conditions of O'Bryan et al is controlled by analysing available experimental data and calculated properties of LnGaO 3 .
Dielectric properties
The first requirement for HTSC applications is a low dielectric loss. Additionally, the authors of [63] lay down further conditions for the dielectric properties of substrates for HTSC films:
• tan δ 10 −4 ; • if ε 10 substrate utilization is permitted in HTSC microwave integrated circuits with an operating frequency above 10 GHz; • if ε 25 substrate utilization is permitted in HTSC microwave integrated circuits with an operating frequency below 10 GHz.
Moreover, during calculations the dielectric constant tensor depends on the inverse second derivative matrix; it has many of the characteristics of the Hessian matrix, and is therefore quite a sensitive indicator of whether a potential model is physically reasonable, as well as whether the present structure is a genuine local minimum [64] .
Unfortunately, the dielectric losses of LnGaO 3 have not been well studied yet. However, comparing available data on gallates one may expect the loss tangent to be lower than 10
at 10 GHz and 77 K, except for compounds with Nd 3+ in 4f 3 configurations as a constituent, where the thermal behaviour of tan δ as well as ε has been found to be somewhat atypical for dielectrics [56, [65] [66] [67] . We were unable to simulate this anomaly using atomistic modelling, which could be an indicator of its electronic nature.
Results of our calculations of ε at RT, presented in figure 2 , show a practically linear decrease with decreasing Ln 3+ ionic radii (equivalent to an increasing of the Ln 3+ atomic number). A similar dependence was reported for orthorhombic LnAlO 3 in [68] , where microwave properties were studied experimentally. Results of our calculations agree well with the experimental observations [56] . For LaGaO 3 a low-frequency dielectric constant of ∼26 [2, 69] has been reported, while for PrGaO 3 ε it is equal to ∼24 [70] and for NdGaO 3 ε ∼ 20-23 [65-67, 71, 72] .
Thermal expansion
The next criterion of O'Bryan et al [62] is the condition of similarity between thermal expansion coefficients (TECs) for the substrate and deposited material. The volumetric TEC α V can be expressed as [73] 
where γ V is the Grüneisen parameter, ρ is the density of material, K T and K S are isothermal or adiabatic bulk moduli, and C V and C P are the heat capacities at constant volume and pressure respectively. In the following we consider the terms of equation (3) in detail. Firstly, let us analyse the density of LnGaO 3 and its elastic properties. 3 are presented in figure 3 (a) and compared with x-ray densities obtained from the cell volumes (table 1) . Good agreement between calculated and x-ray densities are in line with the previously reported consistency between calculated and experimental cell volumes (within 1% of error as mentioned above). Elastic constants were calculated as second derivatives of the energy density with regard to external strain. The elastic moduli were obtained using the Reuss-Voigt-Hill averaging scheme for the tensor of elastic constants. Calculated values, presented in figure 3(b) , increase with increasing Ln atomic number, which correlates well with the results of sclerometric measurements reported in [74] , i.e. increasing of the Mohs hardness in LnGaO 3 as Ln changes from La to Sm.
Density of LnGaO 3 and its elastic properties. Calculated densities ρ of LnGaO
For measurement of elastic constants, sufficiently large and high-quality single crystals are required, which explains the lack of data in the literature concerning the elastic properties of LnGaO 3 . Results of ultrasonic measurements were only reported for NdGaO 3 at 77 K (K = 190.0 GPa, G = 92.4 GPa) [55] . The bulk modulus of NdGaO 3 at RT calculated in this work (K = 188.7 GPa) shows good agreement with the experimental value of Krivchikov et al [55] , whereas for the shear modulus (G = 105.8 GPa) a pronounced difference is found. The bulk modulus of LaGaO 3 was estimated to be equal to 165 ± 32 GPa from the V -P data [75] using the second-order Birch-Murnaghan equation of state.
Debye temperature.
The Debye model is not an appropriate description for the thermal behaviour of NdGaO 3 and the Nd 0.75 Sm 0.25 GaO 3 structure [18, 47] . The heat capacity is only well reproduced by the Debye model below 100 K, where acoustic phonons play an important role; the Grüneisen parameter and TEC are calculated to be about 35% lower than experimentally observed.
Nevertheless, the Debye temperature remains important for the characterization of the overall thermodynamic behaviour of the crystal, at least at T θ D /10. Overestimation of the calculated shear modulus leads to the overestimation of the calculated Debye temperature, as determined by the Robie and Edwards relation [76] 
3K + 4G 3ρ
whereh and k B are Planck's and Boltzmann's constants respectively, n is the number of atoms per formula unit, N is the number of formula units per cell and V is the cell volume. Debye temperatures, calculated via equation (4), are presented in figure 4 (a). We supposed that the observed difference is associated with the overestimation of the shear modulus calculated, for which equation (4) is more sensible than to the bulk modulus. Krivchikov et al [55] reported θ D = 514.2 K for NdGaO 3 at T = 77 K. Furthermore, by analysing the isotropic atomic displacement parameters [18] , the athermal Debye temperature of NdGaO 3 has been estimated to be 510 ± 27 K. Our present calculations yield a value of 550 K for NdGaO 3 at RT.
Phonon and thermodynamic properties.
By analysing the phonon density of states in LnGaO 3 it was also concluded that rare-earth, gallium and oxygen atoms dominate the phonon spectrum in different frequency regions. Moreover, the region of the Ln 3+ contribution to the total phonon density of states in LnGaO 3 is systematically shifted to the low-frequency side with increasing Ln 3+ atomic number (and, respectively, its atomic weight), which could be an explanation of the observed decreasing of Debye temperatures, thermodynamic properties, Grüneisen parameter and TECs.
Heat capacities, entropies and Grüneisen parameters of LnGaO 3 (Ln = La-Gd) at RT were calculated from the obtained phonon spectrum as described in [18, 47, 77] and shown in figures 4(a), (b) and 5(a), respectively. Results of our calculations correlate well with the experimental heat capacities at constant pressure C P (at RT for LaGaO 3 C P = 440 J mol [78, 79] , but show a ca ∼8% lower value, which is reasonable taking into account that C P is usually higher than C V by
Another reason for the observed differences is the contribution to C P caused by crystal field-electronic subsystem interactions, which is relevant in compounds containing rare-earth elements. Volumetric thermal expansion coefficients were calculated from the available V -T data using
where the volume of the relaxed cell is V (T ). Calculated TECs for LnGaO 3 are presented in figure 5 (b).
For comparison of calculated and experimental TECs we reconstructed the V (T ) dependence from the known α V (T ) using the V -T equation of state
and compared these dependences to the experimentally observed V (T ) data. For LnGaO 3 (Ln = La-Nd), the known experimental cell volumes at 12 K have been used as V (T 0 ), whereas for prediction of the thermal evolution of the cell volumes for other LnGaO 3 (Ln = Pm-Gd) we solved equation (7) with known V (RT) (table 1). Figure 6 illustrates the agreement between the experimentally observed thermal evolution of cell volume (presented by points) [13, 17, 18, 23, 24] and cell volumes calculated using equation (7) (lines). The distinctive bends in the HT region of the calculated V (T ) we associate with the failure of the quasiharmonic approximation, which is unable to describe the large atomic displacements, which occur at HT.
We were not able to simulate the negative thermal expansion in PrGaO 3 at low temperatures, as reported in [13, 17] . Primarily it is assumed to be an indication of crystal field effects, since semiclassical methods are unable to simulate electronic properties, which are entirely in the domain of study by ab initio methods. We suppose that the negative thermal expansion observed for PrGaO 3 and La(Pr)GaO 3 [13, 17, 27] is associated with interactions between phonon modes of GaO 6 polyhedra with the electronic levels of a Pr 3+ ion in the crystal field. Additional studies about this anomaly are in progress.
Phase transitions and stability
A final criterion of O'Bryan et al [62] for good substrate materials requires the absence of structural phase transitions, not only in the temperature region of film deposition, but also below the melting point of the substrate material in order to suppress the formation of microtwins and roughness of the substrate surface [80] . Chosen methodology of simulations cannot be considered as good tool for modelling of high-temperature behaviour of solids as well as their structural transformations, therefore in this section the only available literature data were analysed.
Lanthanum gallate LaGaO 3 undergoes a Pbnm-R3c first-order structural phase transition between 418 and 423 K [2, 62, 81] , and no rhombohedral-cubic phase transformation was detected up to 1673 K [15] . Using calorimetric studies the Pbnm-R3c phase transition in CeGaO 3 has been detected at 1228 K [23, 24] . For the determination of T c of the Pbnm-R3c phase transition in PrGaO 3 three independent techniques were used for its estimation [17] . The existence of the R3c phase in a small temperature range below its melting temperature has been concluded, which is in agreement with an experiment of Sasaura et al [82] . For NdGaO 3 no structural phase transitions were detected up to its melting point [83, 84] . Furthermore, a set of transition temperatures has been reported already for the systems La 1−x Pr x GaO 3 [51] , La 1−x Nd x GaO 3 [50] , La 1−x Sm x GaO 3 [29] , La 1−x Gd x GaO 3 [85] and La 1−x RE x GaO 3 (RE = Ce, Sm, Ho, Er, Y) [17] . Temperatures for the phase transition show a practically linear behaviour as a function of the perovskite-cell deformation. The data from the above cited reference are shown in figure 7 by open points; the dotted line represents a linear fit, and the solid line is a linear fit of experimentally determined melting temperatures [86] [87] [88] [89] (presented by filled squares). The crossover point of the results of interpolation determines the value of a critical perovskite-cell deformation (in units of Ln 3+ ionic radii) leading to the Pbnm-R3c phase transition. Thus, for LnGaO 3 and their solid solutions with average ionic radii in a nine-fold coordination sphere greater than ∼1.177 Å, the Pbnm-R3c phase transition is expected to occur and, hence, a strong tendency to twinning can be assumed.
There is, however, a problem in obtaining high-quality single crystals with an average Ln ionic radii smaller than that of Nd (1.163 Å). The mechanism of this instability is Generalized phase diagram of perovskite-type LnGaO 3 (a). Data from [86] [87] [88] [89] correspond to melting points (squares).
Transition temperatures (circles, [2, 17, 23, 24, 29, 50, 51, 62, 81, 85] ) increase linearly up to 1.177 Å. Stability diagram of perovskite-type LnGaO 3 (b). The region 1 describes materials that undergo a Pbnm-R3c phase transition below their melting; materials belonging to region 3 can be synthesized by applying high-pressure; region 2 describes the range of compositions for potential substrate materials.
not well understood and can be associated with increased distortion of oxygen polyhedra when rare-earth ionic radii decrease. Oxygen polyhedra become more regular by applying pressure [90, 91] , which explains the successful high-pressure synthesis of LnGaO 3 containing rare-earths of the Gd subgroup. Therefore, we approached the critical composition value (critical deformation of the perovskite cell in terms of ionic radii r cr ) for the LnGaO 3 (Ln = LaGd) system, which separates the structures synthesized either at ambient pressure or at high pressures. The solid solutions La 1−x Gd x GaO 3 , La 1−x Eu x GaO 3 , La 1−x Sm x GaO 3 and Nd 1−x Sm x GaO 3 are limited by x equal to about 0.5, 0.6, 0.7 and 0.9, respectively, or in the terms of average rare-earth ionic radii by 1.162, 1.158, 1.157 and 1.137 Å. Clearly visible differences between obtained boundary compositions (in terms of average rare-earth ionic radii) indicate the limitations for the general assumption of a critical deformation. Therefore, other factors should be included in these considerations.
Following [92] , continuous (long) solid solutions could be formed if differences in the sizes of substituted constituents are not greater than 15%. As a first approximation, the total deformation r tot of the perovskite cell under Ln substitution (in terms of average rare-earth ionic radii) could be presented as a superposition of a critical deformation value and differences between the rare-earth elements r in the pseudobinary system Ln1GaO 3 -Ln2GaO 3 (Ln1, Ln2 = La-Gd)
The (8) . The generalized phase diagram (figure 7(a)) has been reconstructed as shown in figure 7(b) , where the dashed line means the results of fitting to equation (8) and the horizontal line shows the 1.177 Å value. The constant k has been found equal to 3.168 ×10 −3 . The critical value r cr = 1.128(4) Å coincides within the uncertainty limit with the ionic radius of samarium ion, which is in agreement with the experimentally observed instability of SmGaO 3 . This consideration revealed that perovskite-type promethium oxide can be grown at ambient pressure.
The reconstructed phase diagram ( figure 7(b) ) is separated into three regions, where region 1 represents the range of compositions for compounds which undergo a structural phase transition Pbnm-R3c. LnGaO 3 and their solid solutions with Ln average ionic radii and r values lying in region 3 cannot be synthesized at ambient pressure. High-quality single crystals can be obtained for compositions when Ln average ionic radii and r belong to region 2. The estimated rare-earth compositions in the pseudobinary system Ln1GaO 3 -Ln2GaO 3 , which satisfy region 2 are summarized in table 3. Therefore, only a narrow region of LnGaO 3 and their solid solutions with Ln ionic radii smaller than 1.177 Å could be applicable as potential substrates.
Surface energy
In addition to the conditions formulated by O'Bryan et al [62] , we calculated the surface energy E surf in LnGaO 3 , which is also an important property for substrate materials. For this purpose a relative large slab of material was constructed and the surface energy was obtained via the relation
where E slab is the energy of the slab, E bulk is the energy of the identical amount of bulk material without the vacuum gap and A is the square of the surface. The procedure has been described in detail elsewhere [64] . The requirement of positive values for the surface energy serves as an independent control for the validity of the interaction model. Calculations were performed for surfaces in the principal crystallographic directions of the crystal. The results of calculations are presented in figure 8 . With decreasing Ln 3+ ionic radii an increasing surface energy (e.g. adhesion) was observed for all surface orientations considered (the dashed lines correspond to fits), i.e. the deposition process is energetically favoured for LnGaO 3 with small Ln 3+ ionic radii.
Conclusions
LnGaO 3 (Ln = La-Gd) thermal properties (dielectric constants, thermal expansion coefficients, phonon density of states and its projections, heat capacity and entropy, elastic moduli, Grüneisen parameters and Debye temperatures) were studied using atomistic simulation and the static lattice minimization method. For Pm, Sm, Eu and Gd orthogallates, the above-mentioned properties were predicted. Previous force field parameters [18, 47] were improved and supplemented for the present compounds. In spite of the rather simple model, a good description of interatomic interactions was observed, as indicated by the agreement between observed and calculated physical properties. Perovskite-type LnGaO 3 (Ln = La-Gd) materials were examined for compliance to conditions for substrates formulated by O'Bryan et al [62] . By analysing the calculated dielectric properties it was concluded that LnGaO 3 could be successfully used in HTSC microwave integrated circuits at operating frequencies below 10 GHz. Considering the total phonon DOS and its projections onto atomic species, it was concluded that LnGaO 3 (Ln = La-Gd), similarly to NdGaO 3 [18] , Nd 0.75 Sm 0.25 GaO 3 [47] and MgSiO 3 [93] , cannot be considered as Debye-like solids. Furthermore, it was concluded that rare-earth, gallium and oxygen atoms dominate the phonon spectrum in different frequency regions. Moreover, the Ln 3+ region of contribution to the total DOS is shifted to the lowfrequency part of the spectrum with increasing Ln 3+ atomic number and, correspondingly, atomic weight. This shift causes the decrease of the Debye temperature, the heat capacity, the entropy, the Grüneisen parameter and TECs in LaGaO 3 -GdGaO 3 . It was concluded that LnGaO 3 (Ln = La-Gd) and its solid solutions with average Ln 3+ ionic radii r Ln in a nine-fold coordination sphere smaller than ∼1.177 Å are likely to be synthesized without micro-twins. On the other hand for LnGaO 3 and their solid solutions with average rare-earth ionic radii smaller than r Nd the stabilization of the corresponding Ln 3 Ga 5 O 12 and Ln 4 Ga 2 O 9 phases becomes more preferable. High-pressure synthesis methods result in a substantial increase of the LnGaO 3 cost and are unable to provide single crystals of reasonable size. The assumption of a critical deformation describes such an instability, and by including the differences between rare-earths in pseudobinary systems Ln1GaO 3 -Ln2GaO 3 the narrow region of LnGaO 3 (Ln = La-Gd) and its solid solutions applicable for substrates has been estimated.
